ABSTRACT
The Ts65Dn mouse is the most widely investigated segmentally trisomic mouse model of Down syndrome. Quantitative PCR based methods are the preferred way of detecting the trisomic segment for genotyping purposes. However, identification of a 1.5 fold difference in target DNA is at the limit of detection of most quantitative PCR based methods, and in practice this can lead to difficulties in assigning genotypes. We report a 100% accurate multiplex ligation-dependent probe amplification (MLPA) assay for genotyping the Ts65Dn mouse that is also applicable to all other segmentally trisomic mouse models of Down syndrome.
INTRODUCTION
Down syndrome is caused by trisomy of all or part of human chromosome 21 (HSA21). Modeling Down syndrome in the mouse is complicated by the size of the trisomic region and the fact that the mouse genomic segments orthologous to HSA21 are distributed amongst mouse chromosomes (MMUs) 10, 16 and 17. Consequently, a range of approaches have been used to generate a variety of mouse models (1) (2) (3) (4) (5) . These include transgenic models that over-express individual or a combination of genes, transgenic mice that have large pieces of foreign DNA introduced by yeast artificial chromosomes (YACs) or bacterial artificial chromosomes (BACs), models which are trisomic for all or segments of MMU16 (distal MMU16 is the largest region of synteny to HSA21), and most recently an aneuploid mouse strain engineered to carry 92% of HSA21.
Currently, the segmental trisomies are the most commonly studied models of Down syndrome (Figure 1 ). These include Ts65Dn, the largest segmental trisomy and most widely investigated model, which bears a small marker chromosome stretching from Mrpl39 to Znf295 (6, 7) . A chromosomal rearrangement of the Ts65Dn marker chromosome to MMU12 subsequently created a stable Robertsonian chromosome producing the Ts[Rb (12.17 16 )]2Cje model (8) . The Ts1Cje model has a smaller region of trisomy and was derived through a translocation of the distal end of MMU16 (Sod1 to Znf295, Sod1 is not functional) associated with homologous Figure 1 . Segmentally trisomic mouse models of Down syndrome. Distal HSA21 is syntenic to MMU10, 16 and 17 represented in grey. A comparison of the regions of MMU16 triplicated in the different segmentally trisomic mouse models is shown using black rectangles. A dashed line indicates the region of deletion in the Ms1Rhr/Ts65Dn model. The distribution of MLPA target genes is highlighted demonstrating that the assay can be used for genotyping of all the segmental mouse models of Down syndrome. dscr = Down syndrome critical region. recombination during a gene targeting event for Sod1 (9) . A fourth model, Ms1Ts65 which is trisomic for the region between Mrp139 and the disrupted Sod1, also exists (5). Finally, using an elegant chromosomal engineering strategy, mice trisomic (Ts1Rhr) for the so called "Down syndrome critical region" (DSCR) and mice trisomic for genes found in the Ts65Dn fragment with the DSCR deleted (Ms1Rhr/Ts65Dn) have also recently been created (4) .
Whilst the majority of these models can be genotyped by simple PCR due to the introduction of foreign DNA during their creation, detection of the Ts65Dn and Ts[Rb(12.17 16 )]2Cje trisomic segments is not so straightforward. An ideal genotyping protocol for the Ts65Dn and Ts[Rb(12.17 16 )]2Cje models would involve PCR amplification across the translocation breakpoint. However, the exact location of the breakpoint is currently unknown.
The trisomic segments in the Ts65Dn and Ts[Rb(12.17 16 )]2Cje models were, until recently, identified by chromosome analysis from peripheral blood or fluorescent in situ hybridization (FISH) (10) (11) (12) . More recently, rapid, high throughput and less labor-intensive quantitative PCR based methods have been developed that compare the amplification products of trisomic and disomic genes (13, 14) . However, detection of a 1.5 fold difference in amplification product over and above natural sample variation stretches these techniques to their limits and consequently differentiation of trisomic and disomic animals is often difficult.
We report a single tube, high throughput, 100% accurate genotyping protocol for Ts65Dn and Ts[Rb(12.17 16 )]2Cje using multiplex ligation-dependent probe amplification (MLPA). MLPA is a method used to establish the copy number of multiple target regions in the genome and is primarily used for diagnostic purposes in a wide range of human diseases, including Down syndrome (15) (16) (17) (18) . Briefly, sequence specific probes of varying lengths containing universal end sequences are hybridized to each target region. Each probe is then amplified simultaneously using one pair of fluorescently labeled primers complementary to the universal sequence. Amplification products are subsequently separated by acrylamide gel electrophoresis. In contrast to other quantitative PCR methods, MLPA utilizes a single pair of PCR primers resulting in minimal variation in amplification efficiency between target regions. Comparison of target probe to control probe amplification products and of unknown samples to those of known genotype indicates which samples contain partial trisomy of MMU16. In addition, the distribution of the probes along MMU16 allows the differentiation of all published segmentally trisomic mouse models of Down syndrome with varying lengths of trisomy. Furthermore, this MLPA assay may be applied to the other mouse models of Down syndrome and even to other aneuploid mouse models by simply altering probe sequences.
MATERIALS AND METHODS

Mice
Ts65Dn, Ts[Rb(12.1716)]2Cje, Ts1Cje mice and their diploid littermates were used in the development of an MLPA genotyping assay. All mice were originally obtained from The Jackson Laboratories (Bar Harbor, ME, USA). DNA from the original Ts[Rb(12.17 16 )]2Cje and disomic control mice sent from The Jackson Laboratories (Bar Harbor, ME, USA) were used as trisomic and disomic controls throughout the development of the MLPA assay. A set of Ts65Dn and diploid tail clips were also obtained from The Jackson Laboratories (Bar Harbor, ME, USA).
Ts65Dn mice were genotyped previously using the real-time quantitative PCR assay with the probe set for App described by Lui et al. (14) . Ts1Cje mice were genotyped previously using a duplex PCR amplification of the neomycin resistance sequence and App as an internal control, primer sequences have been previously described in Olson et al. (4) and Lui et al. (14) respectively.
Sample Preparation
High quality genomic DNA, was prepared by conventional methods and stored in Tris EDTA. DNA concentration was established using a UV spectrophotometer (Varian, Palo Alto, CA, USA) and MLPA reactions were performed on 50-200nanograms of genomic DNA.
Multiplex Ligation-Probe Dependent Amplification (MLPA)
MLPA was completed as described by Shouten et al. (15) . However, 2 synthetic oligonucleotides were used rather than one being M13-derived, an adaptation previously described by White et al. (16) .
Probe Design
Pairs of probes were designed for 16 regions of the mouse genome, including 9 specific for chromosome 16, and 7 control pairs for chromosomes other than 16 (Table 1, Figure 2 ). To control for potential effects of amplification product size on electrophoresis and PCR efficiency, the assay was designed so that the control probe amplification products had no size bias and were distributed throughout the size-range of all products.
To allow simultaneous amplification by a single primer pair all probes have identical sequences at their 5' and 3' ends as described in Schouten et al. (15) . To permit separation of PCR amplification product, each probe set was designed to produce products that differ by between 3 and 7bp; including universal sequences the products range from 100 to 174bp (Table 1) . Probes were designed according to instructions on the MRC-Holland website (http://www.mrc-holland.com). Briefly, the hybridization sequences of the probes were complementary to the genomic sequence from the University of Santa Cruz website (UCSC; http://genome.ucsc.edu), with a GC content between 45-60%, and a Tm >70 o C (defined using the RAW program MRC-Holland, Amsterdam, The Netherlands). The BLAT program from the UCSC website was used to ensure specific hybridization of probes only to target sequence (19) .
Probe oligonucleotides were ordered from Sigma Genosys (Australia, http://www.sigma-genosys.com/) at a synthesis scale of 0.05micromoles and were cartridge purified. The 5' end of each downstream oligonucleotide was phosphorylated to allow ligation of the probe. The probe mix was prepared by combining each oligonucleotide to a final concentration of 0.9femtomoles/microlitre.
Product Separation and Data Analysis
Product separation was performed using capillary electrophoresis on the ABI3730 DNA Analyzer with the GeneScan™ 500 LIZ™ size standard (Applied Biosystems, Foster City, CA, USA).
Genemapper Software version 3.7 (Applied Biosystems, Foster City, CA, USA) was used to analyze sample files collected by the Data Collection Software version3.0 (Applied Biosystems, Foster City, CA, USA). Quantitative analysis was completed in Excel (Microsoft; www.microsoft.com) essentially as described by White et al. (16) . The 3 disomic probes Gad2-1, Edar-1 and Pls-2 were used as reference peaks. Rather than using the median ratio across all samples for normalizing each probe to 1.0, we took the median of the 2 disomic control samples for all probes for chromosomes other than X and Y. For Y chromosome specific probes we took the median of all samples giving a reading (i.e. not female) and doubled it. For X chromosome specific probes the median of all female samples was used.
RESULTS AND DISCUSSION
Twenty known Ts65Dn and 20 disomic littermate control DNA samples of mixed sex, and 20 Ts1Cje and 20 disomic littermate control DNA samples of mixed sex were randomized blindly and then genotyped using the MLPA assay. Results were compared to genotyping results obtained previously using a Taqman quantitative PCR assay for Ts65Dn mice and PCR for the neomycin resistance sequence for Ts1Cje mice (4, 14) . An example of typical MLPA results is shown in Figure 3 . The MLPA results were 100% concordant for both genotype and sex of all 80 mice, demonstrating that MLPA can be used to differentially genotype segmentally trisomic mouse models of Down syndrome and determine their sex with a sensitivity and specificity of 100%. In addition, the MLPA assay has been used to genotype 195 Ts[Rb(12.17 16 )]2Cje mice and successfully maintain the colony for 11 months. From the MLPA genotyping results we have designated 6 new female breeders that have all produced trisomic progeny.
Karyotypic methods available for genotyping of Ts65Dn and Ts[Rb(12.17 16 )]2Cje mice include chromosomal analysis and interphase FISH (10) (11) (12) . Chromosomal analysis takes 2-3 days, involves cell culture and is difficult to use on mice younger than 6-7 weeks of age as a mature immune system is required (11) . Interphase FISH is labor intensive and cumbersome and takes about 18 hours (10, 12) . More recently published quantitative PCR based methods that compare the copy number of trisomic genes to disomic genes are more accessible, less labor intensive and less time consuming (13, 14) . Liu et al. (14) reported a real-time quantitative PCR method based on Probes that fall within the dotted lines are considered to be disomic with a copy number of 2. The trisomic animals can be easily separated from disomic animals as samples that have normalized peak ratios of >1.2 for probes that lie within the trisomic region. Probes highlighted with an asterisk (*) allow differentiation of Ts65Dn from Ts1Cje mice due to their position on MMU16. For further information on probe distribution refer to Table 1 and Figure 1 . 1-3 = mice with unknown genotype, Trisomic = trisomic control, Disomic = disomic control. Sample 1 is a Ts1Cje female, sample 2 is a Ts65Dn female and sample 3 is a disomic male mouse. the average change in cycle threshold of target gene App or Mx1 from that of an internal control Apob. Ramakrishna et al. (13) reported a PCR method, which relies on the coamplification of target genes App and Dyrk1a with a control gene Acta1 and resolution and quantification by two independent methods: agarose gel electrophoresis and capillary electrophoresis. The difference in copy number of trisomic genes between a trisomic and disomic animal is 1.5 fold. Detection of such a small difference over and above natural variation in amplification product stretches the detection limit of most relative quantification methods leading to unreliable results. One of the main sources of variation in amplification between samples is the variation in amplification efficiency due to the use of different primer pairs specific to each of the target genes in the PCR. A major benefit of MLPA is that each probe is amplified using a universal primer pair and therefore with more analogous efficiency.
A further advantage of the MLPA assay is the large number of target sequences that can be analyzed simultaneously. This allows for the investigation of multiple trisomic targets, disomic controls and copy number controls in one reaction resulting in a more conclusive result and less requirement for repetition. Out of 16 probes, 9 are trisomic in Ts65Dn and Ts[Rb(12.17 16 )]2Cje mice, 3 are disomic controls and 4 are copy number controls. The copy number controls are probes specific to the X and Y-chromosomes and the MLPA assay can therefore also act as a sex determination test.
The real-time quantitative PCR assay is currently the most frequently used genotyping method for Ts65Dn and Ts[Rb(12.17 16 )]2Cje mice. Similar to the real-time assay, initial set up of the MLPA method is relatively expensive due to the cost of long probe oligonucleotides and 5' phosphorylation. However, 50nanomoles of each oligonucleotide is enough for 37.5 million reactions and therefore they are unlikely to require reordering. As a result, in the long-term the MLPA assay is cheaper than the real-time quantitative method. The MLPA assay is easy to perform and takes less than 22 hours to complete, with actual hands on experimental and analysis time of approximately 3 hours. Despite similar hands-on time, the real-time assay is comparatively more rapid, taking approximately 4 hours from start to finish. However, in our opinion, the simplicity and increased accuracy of genotyping using the MLPA assay more than compensates for the increase in assay duration.
In summary we present a simple, high throughput, 100% reliable, genotyping MLPA method for the identification of segmentally trisomic mouse models of Down syndrome.
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